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Abstract 
We present the results of a comparative analysis of the magnetocaloric effect (MCE) in 
Pr0.7Sr0.2Ca0.1MnO3, through direct and indirect measurements, using experimentally measured 
magnetization, specific heat, magnetostriction, resistivity, thermal diffusivity and thermal 
conductivity parameters. We have demonstrated that the change in each parameter in 
response to a magnetic field near the ferromagnetic-paramagnetic phase transition 
temperature of the material correlates with the change in magnetic entropy. These findings 
allow us to interrelate these parameters and provide an alternative, effective approach for 
accessing the usefulness of magnetocaloric materials. 
Keywords: Manganites, Magnetic entropy change, Magnetoresistance, Magnetostriction,  
Thermal diffusivity, Thermal conductivity 
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Introduction 
Doped manganites with a general formula RE1-xAExMnO3 (RE = La, Pr, Nd; AE = Ca, 
Sr, Ba, etc.) represent strongly correlated electron systems in which electron, magnetic and 
lattice subsystems are interrelated [1-5]. This means that the parameters characterizing the 
state of one of the subsystems will correlate with those of the other two. Application of 
external stimuli, such magnetic field, electrical field and pressure, can alter the parameters 
describing these subsystems (e.g. resistivity, magnetization, specific heat, magnetostriction, 
etc.), which appear to occur strongly in the vicinity of the magnetic phase transition of the 
material [1,2,4]. An excellent example of this includes the colossal magnetoresistive (CMR) 
effect [6], the large magnetocaloric effect (MCE) [7], and the giant magnetostriction (GMS) 
effect [8], which even co-exist in a doped manganite system. 
Recently, an interrelation of the electrical resistivity with the magnetic entropy near a 
magnetic phase transition has been discussed in doped manganites [9-14]. A simple linear 
relationship between the magnetic entropy change (SM) and resistivity with a temperature-
independent proportionality coefficient has been established based on the s-d exchange 
models [15] and the double exchange model [16]. The temperature-dependent 
magnetotransport data were used to determine the magnitude of SM with good accuracy, as 
well as to simulate its temperature dependence around the magnetic phase transition 
temperature (TC) [9-13]. However, a clear understanding of their association with other 
parameters, such as magnetostriction and strain, was missing. Our recent study has shown a 
direct link between the SM and the change in volume (the magnetostriction, ) of 
Pr0.7Sr0.2Ca0.1MnO3 subject to a magnetic field; SM ~  [17].  
From the aforementioned studies, it emerges that the change of a spin state in an 
external magnetic field near ТС not only leads to the appearance of the CMR, MCE, and GMS 
effects, but also alters electric and thermal transfer processes due to changes in the scattering 
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mechanisms. This appears to be related to the change in spin-phonon interaction affected by a 
magnetic field near a ferromagnetic-paramagnetic (FM-PM) transition. This thus suggests 
that changes in resistivity (), thermal conductivity (), and thermal diffusivity () in 
response to the applied magnetic field can be used to qualitatively establish the relationship 
between the parameters describing the magnetic subsystem and kinetic coefficients. A 
comparative analysis of these parameters will allow for an evaluation of contributions of 
different subsystems to the MCE [18]. As Pr0.7Sr0.2Ca0.1MnO3 (PSCMO) undergoes a first-
order structural/magnetic transition and possesses the largest SM among Pr0.7Sr0.3-xCaxMnO3 
compositions investigated [19, 20], it is an excellent model system for this purpose of 
research.  
 
Results and discussion 
Figure 1 shows the temperature dependence of the specific heat of PSCMO in the 
temperature range of 80 - 310 K in magnetic fields of 0, 18, and 80 kOe. At room 
temperature, the specific heat of PSCMO is 106 J/mol K, which is 4.2R. This value agrees 
well with the high-temperature specific heat values reported previously for analogous 
manganites [21] and does not contradict with the Dulong – Petit law for a system containing 
five atoms, including three "light" oxygen atoms. The specific heat obeys the Debye concepts 
of the specific heat of solids, with exception of a pronounced anomaly at TC = 196 K, which 
is associated with a FM-PM phase transition. A sharp peak of the specific heat in a zero field 
can signal the nature of a first-order transition, but there are no clear signs of thermal 
hysteresis. In a magnetic field, the peak of the specific heat is suppressed and shifted toward 
higher temperatures; temperature shift of 17 and 44 K in magnetic fields of 18 and 80 kOe, 
respectively. This behavior is not characteristic for a second-order FM-PM transition but for a 
first-order FM-PM transition [22, 23]. 
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The inset in Fig. 1 shows the temperature dependence of the magnetic contribution to 
the heat capacities ΔСр(Т)=CP-CPh (CPh – background contribution/lattice contribution) for 
PSCMO in magnetic fields of 0, 18, and 80 kOe. The magnitude of the specific heat jump in 
the FM-PM phase transition region is ΔСр ≈ 41 J/mol K, 19 J/mol K, and 5 J/mol K at H = 0, 
18 and 80 kOe,  respectively. The inset in Fig.1 also shows the temperature dependence of 
the magnetic entropy change associated with the disordering of the magnetic system during 
the FM-PM phase transition, determined using the formula:   dTTCTS P )/()(
' . The 
value of ΔS' in a zero magnetic field is equal to 2.75 J/mol K, which is much smaller than the 
ideal values for Ising (ΔS' = Rln2 = 5.7 J/mol K) and Heisenberg (ΔS' = Rln4 = 11.52 J/mol 
K) systems [20]. The difference in the experimentally and theoretically ΔS' values can arise 
from an existence of two-phase magnetic state in the material, and therefore, the sample was 
not completely transformed into a magnetically ordered state, as also discussed in previous 
studies [21, 23-25]. In a magnetic field, the magnitude of ΔS' decreases, so the ratio 
ΔS'(H=0)/ΔS'(H=80 kOe) ≈ 3. We should pay attention to the temperature dependence of the 
entropy change at the magnetic phase transition in a zero magnetic field. Approaching to the 
transition, starting from T = 181 K up to 200 K (a temperature interval: 19 K), the magnitude 
of ΔS' increases very rapidly (jump wise) by 8.7 times, and from T = 200 K to T = 253 K (a 
temperature interval: 53 K) ΔS' changes by 1.5 times. In the second temperature regime, a 
little ΔS'(T) dependence trend is observed. As a rule, the presence of additional anomalies in 
the ΔS'(T) behavior indicates the presence of magnetic or structural inhomogeneities in doped 
manganites [26]. In this case, however, such an extended transition is likely related to the fact 
that we are dealing with two combined phase transitions: the structural phase transition (SPT) 
and the magnetic phase transition (MPT), in which one precedes the other (in this case, SPT 
+ MPT). This is also observed in the ΔСр(Т) dependence. 
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Figure 2(a) shows the ƞ(T) dependence at H = 0, 18 and 80 kOe. Let us recall that the 
thermal diffusivity (ƞ) is a physical quantity characterizing the rate of establishment of 
equilibrium temperature distribution in thermal processes [27]. In materials with the 
prevailing phonon mechanism of thermal conductivity, ƞ is related to the phonon mean free 
path (lph) as 𝜂 =
1
3
𝑙𝑝ℎ𝜗𝑆, where 𝜗𝑆 is the speed of sound. Assuming that 𝜗𝑆  is weakly 
temperature-dependent [28] and taking into account that in doped manganites ph >> e [29], 
variation in ƞ(T) can be determined by lph(T). As can be seen from Fig. 2(a), a sharp decrease 
in thermal diffusivity accompanied by a deep minimum is observed on the ƞ(T) near the ТС. 
Several mechanisms may be considered as to explain the emergence of the minimum of ƞ(T); 
the removal of Jahn – Teller distortions upon transition to the FM phase [29, 30] and strong 
spin-phonon scattering near the TC [28, 31, 32]. A sharp jump in ƞ(T) usually indicates 
structural changes. It can thus be assumed that near a magnetostructural phase transition, 
which is our case, several scattering mechanisms act simultaneously, and the phonon 
scattering rates by different mechanisms are added, i.e. 𝜏𝑡𝑜𝑡𝑎𝑙
−1 = 𝜏𝑝ℎ−𝐽𝑇
−1 + 𝜏𝑝ℎ−𝑠𝑡𝑟
−1 + 𝜏𝑝ℎ−𝑚
−1 , 
(where 𝜏𝑝ℎ−𝐽𝑇
−1  - is the phonon scattering rate on Jahn-Teller distortions, 𝜏𝑝ℎ−𝑠𝑡𝑟
−1  - is the 
phonon scattering rate on structural changes, and 𝜏𝑝ℎ−𝑚
−1  is the phonon scattering rate on spin 
fluctuations). This is the reason for the observed sharp decrease in thermal diffusivity near 
the TC. The application of an external magnetic field could suppress the phonon scattering 
related processes, leading to an increase of ƞ, which is equivalent to an increase of thermal 
conductivity (Fig. 2 (b)).  This can be visualized by constructing the (𝜂𝐻 − 𝜂0) 𝜂0⁄ = ∆𝜂 𝜂0⁄  
temperature dependence for different fields (see the inset of Fig. 2a). Firstly, the Δη⁄η0 value 
reaches enormous values of 63 and 75 % at H = 18 and 80 kOe respectively, which suggests a 
huge amount of magnetothermal diffusivity in PSCMO. Secondly, on the  ∆𝜂 𝜂0⁄ (𝑇, 𝐻) 
dependence at T  202 K (according to the M(T) data for this composition, TC ~ 202 K [33]), 
a fracture is observed, which is apparently due to the change in the dominant scattering 
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mechanisms. The observed negative value of  ∆𝜂 𝜂0⁄  (~4%) at T = 216 K in H = 18 kOe is 
probably related to the fact that this magnetic field was not sufficient to completely suppress 
spin fluctuations.   
A similar picture can be drawn out for the magnetic field and temperature 
dependences of thermal conductivity (Fig. 2b). Upon transition to the FM state at T~194 K, 
thermal conductivity increases by about 40%. The application of 18 or 80 kOe shifts the FM-
PM temperature by 10 or 26 K, respectively, leaving the thermal conductivity below the TC. 
Values of the magneto-thermal conductivity (𝜅𝐻 − 𝜅0) 𝜅0⁄ = ∆𝜅 𝜅0⁄  in fields of 18 and 80 
kOe are equal to 25 and 32 %, respectively. If we compare values of ∆𝜂 𝜂0⁄   and ∆𝜅 𝜅0⁄  in 
the corresponding fields, the magnitude of ∆𝜂 𝜂0⁄  is more than 2 times greater than that of 
∆𝜅 𝜅0⁄ . This is most likely due to the fact that the thermal diffusivity is more sensitive to the 
magnetostructural change than the thermal conductivity. 
Figure 3 shows the ρ(T) dependence for PSCMO in the temperature range of 70 - 380 
K in magnetic fields of 0 and 80 kOe. The dependence of the resistivity on temperature and 
magnetic field for PSCMO shows a typical characteristic of doped manganites. The left of 
Fig. 3 shows the Δρ/ρ(T) dependence for H = 80 kOe. The Δρ/ρ change in 80 kOe is equal to 
91%. As we recall, a direct relationship between the magnetic entropy/ MCE and the 
resistivity/ magnetoresistance (MR) has been reported in doped manganites near their Curie 
temperatures [11-14]. In the present study, the MCE magnitude can also be estimated from 
the MR data, following the method [13, 14], and the results of which are presented and 
discussed below. 
The ∆SM of PSCMO has been estimated using both direct and indirect measurements. From 
Maxwell’s relation 𝜇0(𝜕𝑀 𝜕𝑇⁄ )𝐻 = (𝜕𝑆 𝜕𝐻⁄ )𝑇 [33], the ∆SM can be determined as 
∆𝑆𝑀 = 𝜇0 ∫ (
𝜕𝑀
𝜕𝑇
)
𝐻
𝑑𝐻
𝐻
0
         (1) 
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With the adiabatic temperature change, ΔTad, obtained from direct measurements and the 
experimentally measured specific heat CP(T, H),  the ∆SM can be determined as 
∆𝑆𝑀 = −∆𝑇𝑎𝑑
𝐶𝑃(𝑇,𝐻)
𝑇
      (2) 
From the temperature-dependent specific heat at H = 0 and H  0, the ∆SM can also be determined 
as 
∆𝑆𝑀 = ∫ ((𝐶𝑃(𝑇, 𝐻0) − 𝐶𝑃(𝑇, 𝐻1)) 𝑇⁄ )𝑃,𝐻𝑑𝑇
𝑇2
𝑇1
   (3) 
In addition to the aforementioned formulas for assessing ∆SM, there are other indirect 
methods. As was stated in the introduction, ∆SM can also be estimated from the resistivity or 
magnetoresistive data using the following expressions [12, 13]: 
∆𝑆𝑀
𝜌
= −𝐴(𝑀𝑅𝑡𝑜𝑡𝑎𝑙 − 𝑇𝑀𝑅),     (4a) 
∆𝑆𝑀
𝜌
= −𝛼 ∫ [
𝜕𝑙𝑛𝜌
𝜕𝑇
]
𝐻
𝑑𝐻
𝐻
0
      (4b) 
where parameters A and  determine the magnetic property of a substance (A  14-15 J/kg K 
[13, 14],   21 emu/g [12], and 𝑀𝑅𝑡𝑜𝑡𝑎𝑙 and 𝑇𝑀𝑅 are the total and tunneling 
magnetoresistance, respectively. 
It is generally known that the occurrence of a first-order magnetic phase transition is 
often accompanied by a considerable change in the lattice volume, which in turn leads to the 
change in magnetization of the sample, thus contributing to the total entropy change [18].  It 
has been shown that for PSCMO, the ∆SM can be estimated from the magnetostriction data 
(in the case magnetostriction near the TC shows an isotropic behavior, i.e., the volume 
magnetostriction ) using a simple ratio [17]: 
∆𝑆𝑀
𝜀 = −𝛾∆𝜀(𝑇, 𝐻),      (5) 
where the parameter 𝛾 is independent of the magnetic field and is 2⋅104 J/kg K for PSCMO. 
∆𝜀 is the magnetostriction. 
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In one hand, the MCE is due to a change in the degree of ordering of the magnetic 
subsystem when the applied magnetic field is changed. On the other hand, if the material 
dissipates the heat carriers on the spin system, then the change in the degree of ordering of 
the magnetic subsystem will lead to changes in the thermal diffusivity (see Fig. 2) and the 
thermal conductivity. By considering the relation κ = dCPη (where κ is the thermal 
conductivity, d is the density), i.e. CP~1/η, which relates the thermal diffusivity to the specific 
heat, we can qualitatively estimate the ∆SM of the system from the η(T, H) data using the 
following expression [20]: 
∆𝑆 = −𝐵 ∫
((1 (T,H0)⁄ −(1 (T,H1)⁄ ))
𝑇
𝑑𝑇
𝑇2
𝑇1
,    (6) 
where B is a coefficient independent of temperature and magnetic field.  
Paying attention to the /(T) dependence at H = 18 and 80 kOe (see inset in Fig. 2 
(b)), one can see that temperature dependences of / and ∆SM [17] are quite identical in 
nature. This means that in doped manganites, the change in thermal conductivity in response 
to a magnetic field near TC can also be related to the change in magnetic entropy: 
/(T)~SM. Accordingly, another indirect method can be used for estimating the MCE in 
manganites using:  
∆𝑆𝑀
𝜅 = −𝑞
Δ𝜅
𝜅0
(𝑇, 𝐻),      (7) 
where q  25.71 J/kg K is the proportionality coefficient independent of temperature and 
magnetic field. The values of ∆SM calculated using Eqns. (1)-(7) for a magnetic field change 
of 80 kOe are presented in Fig. 4. The inset in Fig. 4 shows an estimate of ∆𝑆𝑀 using Eqns. 
(1)-(3) and (6) for a magnetic field change of 18 kOe. 
We have used the following Eqn. (4a) to estimate ∆𝑆𝑀 using the resistivity data. As is 
known, in polycrystalline manganites, in addition to the classical MR effect (Δρ/ρ)sd, another 
TMR effect, based on the intergranular tunneling of the charge carriers through the grain 
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boundaries, may become significant, especially at low temperatures, thus contributing to the 
total magnetoresistance (Δρ/ρ)total. The use of Eqns. (4a)-(4b) for estimating the MCE from 
the resistivity and magnetoresistance data without taking these factors into account could be 
erroneous. Therefore, to separate the various contributions to the total MR, we will adhere to 
the ideas proposed in [13, 14]. As for the TMR description, we will use the formula proposed 
in works [34, 35]: 
𝑇𝑀𝑅(𝐻, 𝑇) = −𝑃2𝐿2 [
𝜇𝑔𝐻(
𝑏
𝑇
)
3/2
𝑘𝑇
],      (8) 
where P is polarization, L(x) is the Langevin function (𝐿(𝑥) = coth(𝑥) − 1/𝑥(x)), 𝜇𝑔 and b 
is the fitting parameters associated with the magnetic moment and the size of the granules, 
respectively. In Fig. 3, the dotted line denominates Eqn. (8) for TMR at H = 80 kOe (with the 
parameters for approximating P = 0.7033, b = 0.604 and µ = 2.1810-21). 
∆𝑆𝑀 values calculated from the M(T,H) data for this sample were taken from [19] (for 
a field change of 80 kOe). The ∆𝑆𝑀(𝑇) values were obtained by building ∆𝑆𝑀(𝐻) curves at 
different temperatures and extrapolating them to 80 kOe. As we can see, the ∆𝑆𝑀(𝑇) values, 
obtained from Eqns. (1) and (2) (used the M(T,H) and ΔTad(T) data, respectively) for a field 
change of 80 kOe are almost identical. These values 𝑜𝑓 ∆𝑆𝑀 are also close to those estimated 
from the magnetostriction data [Eqn. (5)] and thermal conductivity data [Eqn. (7)]. In 
general, the values of ∆𝑆𝑀 and their temperature dependence estimated from indirect and 
direct measurements are in good agreement in the ferromagnetic region. It should be noted 
that the ∆𝑆𝑀 values obtained according to Eqns. (1)-(7) for a filed change of 18 kOe provide 
a quantitative picture (see the inset of Fig. 4). The difference in the MCE maximum 
temperatures obtained from these two different estimation methods (see Table 1 and Fig. 4) 
can be related to the existence of magnetic inhomogeneities within the sample with a first-
order phase transition; the TC distribution of which may be of Gaussian or other nature [36]. 
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The noticeable differences in ∆𝑆𝑀(𝑇) estimated from the thermal diffusivity data are 
observed at T > TC in high magnetic fields (80 kOe). There could be several reasons for this 
discrepancy. Firstly, it can be connected with a strong shift of the critical temperature in the 
magnetic field, which is typical for a magneto-structural phase transition (by about 30 ~ 40 K 
in the field of 80 kOe). The differences in ∆𝑆𝑀(𝑇) at T > TC, obtained from CP(T, H) and (T, 
H) data, are due to this effect as well. Secondly, as we mentioned above, near the TC of the 
material, the scattering of heat carriers could occur mainly on spin fluctuations, on local 
distortions of the crystal lattice (Jahn-Teller distortions), on structural defects due to the 
strong change in the volume of the lattice upon the structural phase transition. The total effect 
of these scattering contributions results in a deep minimum in the (T) dependence. Upon 
estimating ∆𝑆𝑀(𝑇) by the (T) data, the changes in contributions to the magnetic field are 
especially important. In low magnetic fields (up to 20 kOe), the structural contribution 
prevails [10], therefore we observe a qualitative agreement of ∆𝑆 in a field of 18 kOe 
(estimated by Eqn. (6), see the inset of Fig.4) with the standard caloric estimates (from Eqns. 
(1)-(3)). With large magnetic fields applied, other mechanisms of heat scattering already 
dominate, changes in the magnetic field of which do not greatly affect the magnitude of ∆𝑆𝑀. 
As a result of the changes in the magnetic field-influenced scattering mechanisms, the  
∆𝑆(𝑇) dependence at T > TC (at H = 80 kOe) does not fit the standard behavior of ∆𝑆𝑀(𝑇), 
but the ∆𝑆𝜂
𝑚𝑎𝑥 ≈ 8 J/kg K is consistent with the data obtained from caloric measurements 
(see Table 1). In low magnetic fields (< 20 kOe), other indirect estimates of ∆𝑆𝑀(𝑇) from 
Eqns. (4) - (7) also provide a good agreement with those obtained from the standard caloric 
measurements (see Table 1).  
 
Conclusion 
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We have estimated the magnetic entropy change (ΔSM) of PSCMO using means of the 
isothermal magnetization M(T,H), the specific heat СP(T,H) and ΔТad(Н,Т), the 
magnetostriction Δε(Н,Т), the resistivity ρ(Н,Т), the thermal diffusivity (Н,Т), and the 
thermal conductivity (Н,Т). The results indicate that the mechanisms leading to the 
magnetic field-dependent thermophysical parameters near the TC are directly connected with 
the spin-phonon interaction. The assessable MCE, using Eqns. (1)-(7), asserts that regularities 
in doped manganites near the second-order phase transition in a certain range of magnetic 
fields are universal and can be formulated as follows: an alteration of SM near TC is directly 
proportional to the change in 𝐹(𝑇, 𝐻) in response to a magnetic field, i.e. ∆𝑆𝑀~ ∓
∆𝐹(𝑇, 𝐻) = 𝐹(𝑇, 𝐻 = 0) − 𝐹(𝑇, 𝐻 ≠ 0). 𝐹(𝑇, 𝐻) can be represented by the experimentally 
measured thermodynamic, kinetic and thermophysical parameters. The sign "+" or "-" 
depends on the influence of the magnetic field on the measured coefficients.  
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Figure captions 
 
Fig. 1. Temperature dependence of the specific heat for PSCMO at H = 0, 18 and 80 kOe. 
Inset shows the temperature dependence of the magnetic contribution of ΔCP (solid points) 
and the change in magnetic entropy ΔS' (solid lines) at H = 0, 18 and 80 kOe. 
Fig. 2. a) Temperature dependence of the thermal diffusivity for PSCMO at H = 0, 18 and 80 
kOe. The inset shows the temperature dependence ∆𝜂 𝜂0⁄  at H = 18 and 80 kOe. b) 
Temperature dependence of the thermal conductivity for PSCMO at H = 0, 18 and 80 kOe. 
The inset shows the temperature dependence of ∆𝜅 𝜅0⁄   at H = 18 and 80 kOe. 
Fig. 3. Temperature dependence of the resistivity in magnetic fields H = 0 and 80 kOe; The 
temperature dependence of magnetoresistance in H = 80 kOe is also plotted. 
Fig. 4. Temperature dependences of ∆𝑆𝑀, obtained using different methods for a field change 
of 80 kOe. The inset shows the ∆𝑆𝑀(T) data for H = 18 kOe. 
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Table 1. Some characteristics of the sample 
 
   According to 
data 
 
M(T,H) CP(T,H) ΔТ(Н,Т) Δε(Н,Т) ρ(Н,Т) (Н,Т) (Н,Т) 
ΔSM, J/kg K 
H = 80 kOe 
8.05 10.15 7.88 8.79 8.65 8.23 8.51 
Tmax (H=80 kOe) 208 219 210 212 221 - 207 
RCP, J/kg K 282 813 328 554 709 - 348 
ΔSM, J/kg K 
H=18 kOe 
4.99 6.75 6.52 - - 6.41 - 
Tmax (H=18 kOe) 205 203 205 - - 210 - 
 
